r During breathing, there is differential activity in the human parasternal intercostal muscles and the activity is tightly coupled to the known mechanical advantages for inspiration of the same regions of muscles.
Introduction
During quiet breathing, the inspiratory muscles are co-ordinated such that their patterns of activation are varied. These topographic differences are highlighted by single motor unit studies in which the onset of muscle activity relative to inspiratory airflow and the peak discharge rate of motor units are non-uniform (Saboisky et al. 2007) . Furthermore, differential inspiratory activity is observed across intercostal spaces for the external and parasternal intercostal muscles (De Troyer et al. 2003; Gandevia et al. 2006) and within an intercostal space for the external intercostal muscles (De Troyer et al. 2003 ; for review see Butler et al. 2014) Remarkably, the topographical distribution of neural drive to the human external and parasternal intercostal muscles is tightly coupled to the known mechanical advantages for inspiration of the same regions of muscle in dogs (De Troyer et al. 1998; Wilson et al. 2001 ) and humans (De Troyer et al. 2003; Gandevia et al. 2006) . There is earlier and greater activity in the muscles with a greater inspiratory mechanical advantage, even across regions of the same interspace innervated by one motoneurone pool at the same spinal level. Recruitment of motor units according to a principle of 'neuromechanical' matching produces efficient ventilation because this strategy minimizes the metabolic cost of the task (De Troyer et al. 2005; Butler et al. 2007) , which is an important consideration for all the movements that we make. The same set of motoneurones is recruited irrespective of whether the source of descending inspiratory drive is cortical or medullary (Hudson et al. 2011a) . Thus, we proposed the existence of a spinal mechanism that distributes neural drive to the different inspiratory motoneurone pools (Hudson et al. 2011b ). This proposal is now supported by observations indicating that the differential inspiratory output of intercostal motor units across interspaces is preserved when output is evoked using high-frequency spinal cord stimulation at the thoracic level in dogs spinalized at the cervical level (DiMarco & Kowalski, 2011 .
The inspiratory intercostal muscles are also active in contractions that are not related to ventilation, such as trunk flexion and rotation (Gandevia et al. 1990; Whitelaw et al. 1992) . Our previous study comparing inspiratory activity during 'rotated' and 'neutral' breaths (i.e. quiet breathing with and without trunk rotation) found that parasternal intercostal motor units in the second, third and fourth spaces were active with rotation to the ipsilateral side when subjects voluntarily stopped breathing (i.e. were apnoeic) (Hudson et al. 2010) .
Because the differential inspiratory activity of the parasternal intercostal muscles is tightly coupled to their inspiratory mechanical advantage, we hypothesized that this differential activity would not be preserved for a non-respiratory task when the mechanics of the muscle actions are different. This is supported by data obtained in dogs showing that the magnitude of changes in intercostal muscle length is different during passive lung inflation and passive rotation of the trunk (Decramer et al. 1986 ). To test our hypothesis, we recorded the activity of single motor units from the human parasternal intercostal muscles in the first, second and fourth interspaces during quiet breathing and during ipsilateral trunk rotation during apnoea. For the same motor units, we compared their recruitment behaviour in inspiration and rotation.
Methods
The studies were carried out in five healthy men aged 37-59 years ( Table 1 ). The subjects provided their informed written consent to the procedures, which conformed with the Declaration of Helsinki (2008) and were approved by the Human Research Ethics Committee of the University of New South Wales. Prior to recordings, subjects were told that recordings from the chest wall would be made during quiet breathing and a rotation task. Data were collected in one recording session (one participant) or two sessions (four participants). Some data (50 motor units from three participants) (Table 1) for the second and fourth interspaces were obtained from a previous experiment (Hudson et al. 2010) but were reanalysed to compare directly the recruitment behaviour of the same motor units in both breathing and rotation.
Experimental set-up
Participants sat in a modified chair that allowed measurement of rotation torque during 'isometric' rotation of the thorax to the right. A load cell (Xtran; Applied Measurement, Mitcham, VIC, Australia; linear to 100 N) attached to rigid support on the chair (Hudson et al. 2010) was positioned on the left side, ß10 cm from the mid-line at the level of the angle of Louis. Participants had visual feedback of the torque signal from the load cell during the protocol. Maximal voluntary torque during rotations to the right, measured with a load cell (XTran; linear to 250 N) at the same location prior to the recordings, showed a mean (95% confidence interval (CI)) of 15.3 (10.7-19.8) Nm. Participants breathed through a mouthpiece connected to a pneumotach (model 3813; Hans Rudolph Inc., Kansas City, MO, USA) and the signal of airflow was integrated to give lung volume. Inspiratory capacity of subjects averaged 3.41 (2.57-4.24) litres.
Muscles on the right side in the first, second and fourth interspaces, close to the sternum, were located by palpation and visualized using ultrasound (5 cm, 12-5 MHz linear probe; iU22; Phillips, Bothell, WA, USA) to estimate the depth of the inner border of each muscle. Participants were offered a small dose of local anaesthetic (1% lignocaine) For the five participants, SMUs in the first, second and fourth interspaces were obtained via new recordings (i.e. year 2017) or by reanalysis of data from Hudson et al. (2010) . For participants studied twice, age given is that at time of 2017 recordings.
injected under the skin prior to recordings. Intramuscular electromyography (EMG) recordings from the parasternal intercostal muscles were made with a Teflon coated monopolar electrode (DMG50; Medelec, Woking, UK), referenced to a surface electrode 2-3 cm away, as described previously (Gandevia et al. 2006; Hudson et al. 2010 Hudson et al. , 2011a . The EMG recording was amplified and band-pass filtered (53 Hz-3 kHz). All signals were stored on computer via a CED 1401 interface (Cambridge Electronic Design, Cambridge, UK) for subsequent analysis. EMG was sampled at 25 kHz, and airflow, volume and torque at 1 kHz.
Experimental protocol
First, the EMG recording was made during quiet breathing in a relaxed neutral posture. Then, under instruction from an experimenter, the participants voluntarily stopped breathing at end-expiration (i.e. held their breath) and made a voluntary ramp 'isometric' rotation of the thorax to the right, pushing against the load cell positioned on the left side of the thorax. Participants were asked to ramp to a target torque of ß10% of their maximal rotation torque over ß 5 s when they remained apnoeic. Participants then relaxed back to zero torque. If the recording site was preserved after relaxation, the participants repeated the trial of quiet breathing and rotation. Otherwise, a new recording site was found. Participants performed a median of 13 (range 7-23) ipsilateral rotations during the EMG recordings from each interspace on the right side.
Data analysis
For each trial, three quiet breaths and the ramped ipsilateral rotation were analysed. The activity of single motor units (SMUs) was discriminated from multi-unit recordings as described previously (Hudson et al. 2010 (Hudson et al. , 2011a . Briefly, following a threshold-crossing to capture all spikes with an appropriate signal-to-noise ratio, interactive software was used to manually 'sort' SMUs into templates based on their size and morphology.
The strategy to identify SMUs differed slightly for recordings in the first interspace compared to that for the second and fourth interspaces. For the second and fourth spaces, only SMUs that were active in the rotation during apnoea were then identified in quiet breathing but, for the first space, motor units were identified in quiet breathing regardless of whether or not they also discharged in the rotation. This strategy was intentional. For the second and fourth spaces, we already knew the proportion of motor units in quiet breathing that were also active in ipsilateral rotations (ß 50%) (Hudson et al. 2010) . Furthermore, the aim of the present study was to compare directly recruitment in breathing and rotation only. We had not previously measured parasternal intercostal activity from the first space during rotations.
Despite differences in the strategy to identify SMUs, motor units from all interspaces were measured using the same procedure. Importantly, all analyses were made with the experimenter blinded to the interspace from which the motor unit was recorded. To measure SMU recruitment during quiet breathing, a custom-made script was used to measure the inspiratory recruitment time relative to the onset of flow and corresponding lung volume (i.e. 'lung volume threshold') above end-tidal volume for each SMU (Saboisky et al. 2007; Hudson et al. 2011a ). This script also measures respiratory parameters for each breath (i.e. tidal volume and inspiratory time, T I ), which were used to calculate mean inspiratory airflow. To compare recordings, inspiratory recruitment time was expressed as a percentage of T I (% T I ) and lung volume threshold was expressed as a percentage of inspiratory capacity (% IC). Absolute inspiratory recruitment time is also reported in seconds. Data were averaged across three quiet breaths for each SMU. The activity of the same SMUs during rotation was measured manually using cursors to determine the recruitment of SMUs relative to rotation torque (i.e. 'rotation torque threshold') and time of SMU recruitment (i.e. 'rotation recruitment time'). Peak rotation torque and the time to peak rotation torque (i.e. rotation time) were also measured and used to calculate the slope of the ramped ipsilateral rotations (i.e. rotation rate). In three subjects, the torque signal occasionally saturated inadvertently towards the end of the rotation. Thus, for 11 SMUs (seven and four in the first and second trails of rotation, respectively), to estimate the peak torque J Physiol 595.23 and the time at which the peak torque occurred, linear equations were fitted to the slopes of increasing torque (i.e. during ramped rotation) and decreasing torque (i.e. during relaxation back to neutral position) and the point of intersection of the equations was taken as the peak torque. For the first rotation, the rotation torque threshold for recruitment always occurred before torque saturation. For the second trial of rotation, for two SMUs, the torque signal was already saturated at the time of recruitment and thus rotation torque threshold was estimated using the rotation recruitment time and equation of the increasing torque slope. For all rotations, peak rotation torque and rotation torque threshold were expressed as a percentage of the maximal ipsilateral rotation torque for each subject, and rotation recruitment time relative to the onset of rotational torque was expressed as a percentage of rotation time and as absolute time, in seconds.
For some SMUs, the recording site remained stable and the trial of quiet breathing and ipsilateral rotation was performed twice. Thus, for these 37 units, data were analysed to compare the reliability of inspiratory and rotation SMU recruitment measures (see below). For these units, only data from the first rotation was included in the group analysis to compare recruitment between interspaces.
Statistical analysis
Group data are presented as the mean (95% CI) or median [interquartile range (IQR)] and the F or H statistic (d.f.) is shown for parametric and non-parametric data, respectively. P < 0.05 was considered statistically significant.
Comparison of the number of inspiratory motor units that were active in rotation between interspaces was made using chi-squared analysis. The test-retest reliability of recordings in repeated trials of quiet breathing and rotation was assessed using intraclass correlation (ICC) analysis [mixed model, single measures, i.e. ICC(2,1)]. One-way ANOVA or one-way ANOVA on ranks, with Dunn's test for pairwise post hoc comparisons, was used to compare all respiratory and rotation parameters, as well as recruitment behaviour of SMUs from different interspaces.
Results
Representative recordings from the parasternal intercostal muscles during quiet breathing and ipsilateral rotation of the trunk during apnoea are shown in Fig Recordings from the first, second and fourth interspaces from one subject are shown. Top to bottom: multi-unit EMG, airflow, torque signal and the instantaneous discharge frequency of single motor units identified in these records. Action potentials are superimposed (bottom). Vertical calibrations: 1 mV for EMG and 5% MVC. In the second and fourth interspaces, SMUs discharged during both quiet breathing and ipsilateral rotation when there was no change in airflow (grey shading). For recordings from the first interspace, Unit 1 discharged in both quiet breathing and rotation but, despite a relatively strong rotation torque, Unit 2 was not active in rotation, as was the case for the majority of SMUs recorded in the first interspace (see Results). 
Statistic and P values are shown and post hoc differences are indicated. Significant differences from the second ( †) and fourth ( * ) interspaces are indicated.
discriminated: 63 (from four participants) from the first interspace, 44 (five participants) from the second and 56 (five participants) from the fourth space. An additional five SMUs (two participants) from the second and fourth interspaces were active in rotation but discharged tonically during quiet breathing (i.e. with no inspiratory modulation) and were not included in analysis. Four SMUs (two participants) recorded from the first interspace discharged with doublet firing in quiet breathing at the start of inspiration. Three of these four units were also active in rotation but without doublet firing at recruitment and they were not included in group analysis.
Inspiratory motor units active in rotation
Given the strategy to identify SMUs in different interspaces (see Methods), all of the units in the second and fourth interspaces that were active during quiet breathing also discharged in ipsilateral rotation. However, of the 63 inspiratory SMUs from the first interspace, only 23 (37%) also discharged in rotation (Fig. 1) . The proportion of inspiratory motor units from the first interspace that were also active in rotation was compared with data from Hudson et al. (2010) for lower interspaces. The experimental protocol, SMU sorting strategy and ipsilateral rotation torque [13.4% maximal rotary torque (Hudson et al. 2010 ) vs. 13.8% maximal rotary torque) ( Table 2) was comparable in these studies. For SMUs in the second and fourth interspaces that were physically active during quiet breathing in the neutral posture (Hudson et al. 2010) , 50% and 49%, respectively, discharged in rotation, which is similar to the proportion observed here for the first interspace (37%) (χ 2 = 2.6, d.f. = 2, P = 0.30).
Reliability of measures in repeated trials
Because the recordings from different interspaces were made in different recording sessions, we tested the reliability of the experimental protocol and motor unit recruitment measures for 37 SMUs that discharged in repeated trials of quiet breathing and rotation. Respiratory and rotation parameters and motor unit recruitment measures for two trials are compared in Fig. 2 and the corresponding test-retest reliability measures are provided in Table 3 
Parasternal intercostal motor unit activity in quiet breathing and rotation
Recruitment of SMUs during inspiration and trunk rotation was compared for 23, 44 and 56 units from the first, second and fourth interspaces, respectively. The respiratory and rotation parameters from these recordings are shown in Table 2 . During quiet breathing, tidal volume differed for recordings from different interspaces and T I was longer in recordings from the first J Physiol 595.23 interspace compared to the fourth space. Nevertheless, mean inspiratory airflow was similar across all interspaces. For rotations, peak rotation torque was similar for recordings from all interspaces, although the duration of rotation was longer in recordings from the first and second interspaces compared to the fourth space. Despite this, the rate of rotation torque was similar across all interspaces. Figures shown. The quiet breathing measures in repeated trials were close to the line of identity, which indicates that they were consistent between trials (Table 3) . B, comparison of measures for the same SMUs in rotations during apnoea. A rotation parameter, the rotation rate (% MVC s −1 ) was consistent between trials. Rotation recruitment time (i.e. percentage of rotation time at which SMU was recruited; right) was variable in repeated rotations, although rotation torque threshold had good consistency as a measure of SMU recruitment (Table 3) .
SMUs active in quiet breathing and rotation across the parasternal intercostal muscles. For inspiration during quiet breathing, there is differential activation of the parasternal intercostal muscles, reflected by the recruitment of SMUs relative to both lung volume and T I . The lung volume at which SMUs were recruited in the first, second and fourth interspaces The differences in recruitment times across parasternal intercostal muscles were accompanied by differences in onset and peak firing rates of SMUs in quiet breathing. The onset discharge rate of SMUs was 9.3 [8.4-10.2], 8.0 [6.8-9.6] and 8.4 [7.1-9.6] Hz in the first, second and fourth intercostal spaces, respectively, which is significantly higher in the first compared to the fourth space (H = 7.6, d.f. = 2, P < 0.05). Peak discharge rate was 15.4 [12.7-16.4], 12.5 [10.1-13.7] and 11.6 [10.3-3.0] Hz in the first, second and fourth spaces, respectively. As shown previously, it was significantly higher in the first interspace compared to the second and fourth (H = 20.1, d.f. = 2, P < 0.001), although interpretation of the peak discharge rates is limited by differences in tidal volume during the recordings (Table 2) .
For ipsilateral rotation during apnoea, the same SMUs that were active during quiet breathing showed a different pattern of recruitment. The torque at which the units were recruited differed between interspace (H = 8.8, d.f. = 2, P < 0.05) because SMUs in the second and fourth interspaces were recruited at a similar torque after 4.0 [1.9-7.2] and 3.5 [1.1-6.5]% MVC, respectively, whereas SMUs in the first space were recruited much later at 7.6 [2.7-9.3]% MVC. This delay in recruitment relative to maximal rotation torque for the first interspace compared to the more caudal interspaces persists even if data from the one SMU recruited at a high rotation torque are excluded (> 25% MVC) (Fig. 3 ) (H = 7.4, d.f. = 2, P < 0.05). Because the rotation time was not controlled and was inconsistent between recordings from different interspaces (Table 2) Therefore, for the populations of SMUs recorded here, the pattern of recruitment during rotation was reversed compared to that observed in quiet breathing.
Discussion
We have shown for the first time that the differential recruitment of the human parasternal intercostal muscles during quiet breathing is not preserved during ipsilateral rotation of the trunk. This is indicated by changes in recruitment behaviour of the same SMUs in these two tasks. In quiet breathing, we confirm our previous findings that SMUs in the rostral first and second interspaces are active earlier than the fourth space relative to the onset of inspiratory airflow (Gandevia et al. 2006; Hudson et al. 2011a) , whereas, in rotation during apnoea, the same SMUs in the second and fourth interspaces are recruited at a similar rotation torque, much lower than the recruitment torque for SMUs in the first space. Thus, depending on the task and therefore presumably on the source of descending drive, the output of the same motoneurones is modulated differently across parasternal intercostal motoneurone pools at different spinal levels.
Interpretation of the change in parasternal intercostal muscle recruitment pattern
To compare recruitment behaviour, the lung volume threshold and inspiratory recruitment time of SMUs during quiet breathing were compared with the rotation torque threshold and rotation onset time, for the same SMUs in ipsilateral rotations. Despite very goodexcellent test-retest reliability of respiratory and rotation A, during quiet breathing, there is differential activation of the parasternal intercostal muscles with earlier activity in the rostral first and second interspaces compared to the fourth. B, for the same SMUs as in (A), the recruitment observed during quiet breathing is not preserved during rotation. SMUs are recruited at the same proportion of rotation time for all interspaces (left), although the rotation time varied. However, absolute rotation recruitment time (middle) and rotation torque threshold (right) for SMUs in the first interspace are later and at a higher torque, respectively, than units in the second and fourth interspaces.
parameters in repeated trials of quiet breathing and rotation, some parameters differed between the different intercostal spaces. For quiet breathing, tidal volume varied by up to ß30% in recordings from different interspaces. The differential lung volume threshold of inspiratory activity across parasternal intercostal muscles is probably not affected by differences in tidal volume because, for the diaphragm, most motor units are recruited at a particular lung volume, irrespective of final volume during tasks with different flow and volume targets (Butler et al. 1999) . The difference in T I (Table 2) , may have overestimated the difference in SMU onset time between the first and fourth interspaces but only ß5% of T I . Nevertheless, T I was similar during recordings from the second and fourth parasternal intercostal muscles but inspiratory recruitment time was significantly earlier in the second space compared to the fourth space. In addition, absolute inspiratory recruitment time differed between interspaces. For rotations, the time to peak rotation torque (i.e. rotation time) was significantly longer when recordings were made from the first and second interspaces compared to the fourth space. This difference was maximal (ß79%) between the first and fourth spaces, possibly because of the delayed recruitment of motor units in the first space in rotation and participants were sometimes asked to continue the ramped rotation beyond the target of ß10% MVC if the units were not yet recruited. Thus, because rotation time was uncontrolled, rotation recruitment time (normalized to rotation time) did not differ between interspaces. However, because the rotation rate was similar across recording sessions, the absolute time of motor unit recruitment during rotation was different between interspaces, as for the rotation torque recruitment threshold. Motor unit recruitment relative to rotation time (i.e. normalized and absolute rotation recruitment time) had only moderate test-retest reliability, although the rotational torque at which motor units were recruited (i.e. rotation torque threshold) had superior reliability.
Mechanics of the parasternal intercostal muscles in different tasks
The required muscle actions of the parasternal intercostal muscles differ in the two tasks tested here (i.e. vertical translation of the ribs during quiet breathing compared to lateral translation of the ribs during trunk rotation). The ability of the inspiratory muscles to elevate the ribs for breathing has been measured by De Troyer et al. (2005) . Inspiratory 'mechanical advantage' is computed as the relative change in muscle length during passive inflation of the lungs (i.e. % l -1 ) and is a surrogate measure for the 'respiratory effect' or the change in airway pressure generated by a muscle. The inspiratory mechanical advantage and respiratory effect of the human parasternal intercostal muscles are greatest in the second parasternal interspace but decrease along a rostrocaudal gradient and are smallest in the fifth space (De Troyer et al. 1998) . The mechanical advantage of the muscle in the first interspace is estimated to be the highest (-3% l -1 ) based on the tight linear correlation between neural drive and mechanical advantage in the human parasternal intercostal muscles (Gandevia et al. 2006) . The differential recruitment of the human parasternal intercostal SMUs during quiet breathing (Gandevia et al. 2006; Hudson et al. 2011a) , as confirmed in the present study, corresponds to the known differences in inspiratory mechanical advantage across interspaces.
Equivalent measures of the 'mechanical advantage' of the human parasternal intercostal muscles for the task of trunk rotation have not yet been computed. However, based on changes in length of external and internal intercostal muscles in dogs (Decramer et al. 1986 ) and the differences in the angle between human parasternal intercostal muscle fibres and the costal cartilage in different interspaces (De Troyer et al. 1998) , we consider how the mechanics of the parasternal intercostals differ for breathing and rotation.
Greater shortening of the canine external and internal intercostal muscles in the lateral chest wall in the 'upper' (second to fourth) spaces, compared to 'lower' (fifth to eight) spaces, during passive lung inflation to total lung capacity (Decramer et al. 1986 ) is consistent with their measured inspiratory mechanical advantages (De Troyer et al. 1999) . The magnitude of muscle length changes was even greater in passive rotations of 10-25°. This suggests the mechanics of the intercostal muscles in rotations differs to that for breathing (Decramer et al. 1986) . The parasternal intercostals also shortened during passive rotations, although comparisons of these muscles between different interspaces or between lung inflation and rotation were not made (Decramer et al. 1986) . These data suggest that the canine intercostals have different mechanics for breathing and rotation.
More evidence for task-dependent differences in the mechanics of the human parasternal intercostal muscles comes from consideration of the angle between the muscle fibres and costal cartilages into which they insert. Given the mechanical 'goal' of the intercostal muscles in inspiration is to elevate the cartilage and rib, a larger (i.e. less acute) angle between the cartilage and muscle may be preferable, although the opposite is preferable for rotation when the goal is to translate the cartilage and rib (i.e. to move the lower rib laterally relative to the upper rib). Using data from cadavers, the angle between the cartilage and muscle fibres is estimated to be ß55°for the second parasternal intercostal but ß35°for the fourth interspace (De Troyer et al. 1998) . Data for the first interspace are unavailable, although it is predicted to follow the rostrocaudal pattern of fibre and cartilage angles (De Troyer et al. 1998 ) and thus would be larger (ß65°).
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Small differences in fibre orientation of the human parasternal intercostal muscles in different interspaces may greatly alter their mechanics for trunk rotation. The respiratory effect of the intercostal muscles is a result of interspace number (55% of total variance), fibre orientation (20%) and position of the fibres along the rib circumference (10%), as predicted by multiple regression analysis in dogs (De Troyer et al. 2005) . The relatively large effect of interspace number is a result of differences in rib compliance (during rib elevation for inspiration) and the coupling between the ribs and the lungs along the rostrocaudal axis. There are no data available on the relative compliance of the cartilages and ribs in different interspaces to translational forces, pertinent for trunk rotations. We need not consider coupling between the ribs and lungs, nor position of the fibres along the rib, because we studied the medial portion (close to the sternum) of the muscles in all interspaces. Thus, for the mechanics of the human parasternal intercostal muscles in trunk rotation, fibre orientation may be of greater importance than the estimated 20% for respiratory effect in the dog.
We speculate that differences in SMU recruitment in quiet breathing and trunk rotation reflect the relative mechanics of the parasternal intercostal muscles in these different tasks. Here, the muscles in the first and second spaces have similar inspiratory activity but divergent activity in rotation, whereas the second and fourth spaces have divergent inspiratory activity but similar activity in rotation. As discussed above, differences in the factors that influence the mechanics of the parasternal intercostals, and their relative contribution, may result in differences in the mechanical effect in breathing and rotation that are not equivalent across interspaces. Thus, small changes in cartilage-muscle orientation and distinct task-dependent patterns of activity across the parasternal interspaces may be consistent with the estimated task-dependent differences in mechanics and an activation strategy based on the relative mechanics of the muscles (see below).
Mechanisms for the task-dependent output of intercostal motoneurones
Spinal circuits exist for many complex repetitive behaviours, such as locomotion, scratching and swimming, all of which can be performed in decerebrate preparations (Guertin, 2009; Berkowitz et al. 2010) . We previously proposed that respiratory motoneurone output in quiet breathing may be controlled by spinal distribution networks for different tasks and that, for inspiration, these networks couple activity to the relative inspiratory mechanical advantages within and across intercostal muscles (Hudson et al. 2011b) . This is supported by preservation of the differential inspiratory output of intercostal motor units across interspaces when output is evoked using high frequency spinal cord stimulation at the thoracic level in dogs spinalized at the cervical level (DiMarco & Kowalski, 2011 . The differential output from the human parasternal intercostal muscles is preserved for automatic and voluntary breaths (i.e. when the inspiratory mechanics of the muscles are maintained) (Hudson et al. 2011a ). The present study provides the first evidence for task-dependent changes in motoneurone output of the same intercostal motoneurones. The output is probably coupled to the mechanics of the muscles in the tasks. There are some examples of mechanics-dependent changes in activity of limb (Kennedy & Cresswell, 2001; Hudson et al. 2009 ) and respiratory muscles (Hudson et al. 2016) . In these examples, although the task is the same, the muscle mechanics change (as a result of a change in joint angle or whole body posture), which then alters neural drive appropriately.
Although (Larnicol et al. (1982) suggest spinal motoneurones of different intercostal muscles are organized according to the muscles' relative contribution to breathing and posture, there is overlap between locations for motoneurones that innervate muscles defined as 'postural' (external and internal intercostal muscles) and 'respiratory' (parasternal intercostal and triangularis sterni muscles) (Larnicol et al. 1982) . Indeed, there was also overlap for motoneurones innervating inspiratory and expiratory muscles of the same interspace. We found that 37-50% of inspiratory parasternal motor units in the first, second and fourth interspaces were also active in 'isometric' ipsilateral rotations to ß12% maximal torque (Hudson et al. 2010) . That the same parasternal motoneurones are active in inspiration and rotation in the present study argues against distinct populations of motoneurones for different tasks that are activated independently by different descending supraspinal drives. As the pattern of motor unit recruitment across interspaces in quiet breathing is reversed in rotation, the parasternal motoneurones may not be recruited according only to their size-related properties but, instead, as a result of a combination of size-related and functional properties .
Motoneurone 'excitability' is determined by size-related properties (e.g. membrane resistance) such that small motoneurones are recruited before large ones (Henneman, 1957) . However, the size principle of motoneurone recruitment assumes that synaptic inputs are distributed relatively evenly to all motoneurones. We previously proposed a principle of motor unit recruitment based on 'neuromechanical matching' that is superimposed on the size principle for inspiratory recruitment of the respiratory muscles . Our findings that the same motoneurones are activated differently in inspiration and trunk rotation support the view that respiratory motoneurones are not recruited solely based on their size-related properties and that the principle of recruitment based on neuromechanical matching extends to activation of these muscles in different tasks. These principles of neurone recruitment may also apply to populations of spinal respiratory interneurones (Lane, 2011) , given studies in other vertebrate models that demonstrate both multifunctional and specialized interneurones in the generation of multiple motor outputs (Berkowitz et al. 2010) . The task-related differences in motor unit recruitment may be a result of different descending drives and afferent inputs, perhaps sculpted by spinal distribution networks of interneurones (Hudson et al. 2011b) . Such interneurones have been demonstrated in the rat, where there is a small population of 'pre-phrenic interneurones' at the cervical level that alter their discharge in response to hypoxia (Sandhu et al. 2015) . In the cat, interneurons in the thoracic spinal cord have been shown to receive both a central respiratory drive potential and inputs from low-threshold peripheral afferents (Saywell et al. 2011) .
Previously, we had postulated that inspiratory drive to the respiratory motoneurones was 'preset' , organized either centrally or in the spinal cord, because the recruitment of human inspiratory muscles did not change with altered feedback related to changes in lung volume . Differential recruitment of the canine intercostal muscles in breathing is also preserved when afferent feedback is removed (De Troyer & Legrand, 1995; De Troyer et al. 1996; Legrand et al. 1996) . These examples of maintained inspiratory muscle output Legrand et al. 1996; Hudson et al. 2007) did not alter the mechanics of the muscles. More recently, we have shown, in the limb (Hudson et al. 2009 ) and respiratory muscles (Hudson et al. 2016) , that the drive to the same muscle for the same movement can change if the mechanics of the muscle are altered acutely. These changes in neural output were considered to be signalled by afferents as a result of altered mechanics for the task. The present study provides new evidence for an appropriate adaptation of motor unit recruitment by neuromechanical matching across tasks. If neural drive to respiratory muscles is distributed by spinal distribution networks, then these networks are responsive to both descending inputs and afferent feedback to maximize the efficiency of the movement.
